The recommended amount and quality of protein in diets of diabetic patients are highly controversial. In order to provide evidence-based information, the Diabetes Nutrition Study Group (DNSG) used a grading procedure used for quality of evidence and strength of recommendations (GRADE). A protein intake of 10% to 20% of energy intake (E%) or about 0.8 to 1.3 g/kg body weight in people below 65 years of age, and 15% to 20% of E% in people above 65 years of age appeared Nutrients 2020, 12, 365 2 of 12 safe in weight-stable conditions. There were no intervention studies addressing metabolic effects, mortality, or cardiovascular events over prolonged periods. Body weight is closely linked to metabolic control and high protein diets are often recommended. Weight-loss diets that include 23% to 32% of E% as protein for up to one year reduced blood pressure and body weight slightly but significantly more than lower protein diets, whereas blood lipids, fasting blood glucose, and HbA1c improved similarly with higher or lower protein intakes in participants with a glomerular filtration rate (GFR) >60 mL/min/1.73 m 2 . Patients with a GFR <60 mL/min/1.73 m 2 did not show a faster decline of GFR or kidney function with protein intakes around 0.8 g/kg body weight as compared with lower intakes, thereby arguing against a restriction. The effects of protein intake on diabetic eye or nerve disease have not been reported. There are a number of studies that have compared different types of animal proteins (milk, chicken, beef, pork, and fish) or compared animal with plant protein in diabetic patients and have reported a greater reduction of serum cholesterol with plant protein. In summary, the suggested range of protein intake appears to be safe and can be adapted according to personal dietary preferences.
Introduction
Weight loss is recommended for obese people with type 2 diabetes mellitus (T2D) because obesity is closely linked to insulin resistance, elevated blood glucose, dyslipoproteinemia, and hypertension, and their associated complications. High protein diets are strongly advocated by some diabetes experts as a strategy to ease weight loss as compared with other strategies of energy restriction [1] [2] [3] .
Surprisingly, neither the earlier nor the recently published diabetes nutrition guidelines in Great Britain [4] , the USA [5] , and Canada [6] address the role of protein in detail, leaving the experts uninitiated in this practically highly relevant issue. Three meta-analyses of published literature have appeared recently, but all three have important shortcomings which limit their usefulness as a basis for nutritional recommendations [7] [8] [9] . The DNSG, therefore, recognized the need to update its own guidelines from 2004 [10] and to review the evidence available using the GRADE procedure to comply with current standards.
Many experts are skeptical as to the benefits of high protein diets. High animal protein intake can promote diabetes [11, 12] , diabetic nephropathy, and accelerate the loss of glomerular filtration rate [13, 14] . Elevated levels of branched chain amino acids can increase the activity of proliferative signaling pathways, in particular the mTOR pathway [15, 16] , as well as increase the levels of the insulin-like growth factor 1 (IGF-1) which is an important permissive growth factor [17] . Low protein intake can even offer specific advantages by activating protective pathways associated with the integrated stress response [18] . The effect of high protein diets on life expectancy in humans is controversial. In addition to increased death from neoplastic disease, an increase in cardiovascular disease has been reported in some, but not in all, studies [19] [20] [21] .
The following arguments are cited in favor of high protein diets: They should theoretically be advantageous as compared with carbohydrate-rich diets for people with T2D, because they cause only small increases in blood glucose due to the low carbohydrate content, they need less insulin for the metabolism of the proteins, and they increase postprandial thermogenesis [1, 22, 23] . This also distinguishes high protein versus high fat diets which can promote obesity due to the high energy content. The low insulin requirement of high protein diets reduces insulin-induced lipogenesis and improves blood lipids because hepatic and adipose tissues use carbohydrates for lipogenesis [24] . The lipogenesis supports the development of fatty liver and elevates circulating triglycerides, whereas the synthesis of fat from protein requires more energy, increases fat oxidation, and reduces fatty liver [22] .
People with diabetes benefit from high protein diets due to better blood glucose control, and therefore less insulin is required, whether from endogenous secretion or exogenously applied. For people treated with insulin, the adequate calculation of the insulin dose becomes easier and more accurate since the possible miscalculation of the insulin dose per quantity of carbohydrate is reduced with lower quantities of carbohydrates and smaller doses of insulin. Other sources of variation, such as insulin resorption after injection or differences in carbohydrate uptake due to changes in gastric emptying or intestinal resorption due to glycemic index are also reduced [1, 25, 26] .
Further arguments favoring high protein intake in diabetes relate to its satiation despite a relatively low energy density which is stronger and more sustained than for carbohydrates or fat [22] and which can support an adequate energy intake and help maintain a healthy body weight. In the context of weight loss diets, higher contents of protein are advocated to maintain lean body mass, and thereby improve basal metabolic rate after weight loss [22] . On the basis of these arguments, some experts and nutritionists recommend high protein diets. In addition to the diabetological arguments, high protein diets are recommended in geriatric guidelines to counteract age-related loss of muscle mass which can lead to frailty and loss of independence due to sarcopenia [27] .
High protein intake, up to 35% of energy intake (E%), are advocated by some dieticians, nutritionists, doctors, and in diabetes literature, although it is difficult to achieve this intake long term [1, 28, 29] . The European diabetes nutrition guidelines, issued in 2004 by the DNSG as a study group of the EASD [10] , recommends protein intakes between 10% to 20% of total energy intake. Recently published guidelines and recommendations by the American Diabetes Association, the Canadian Diabetes Association [6] , and the British Diabetic Association [4] do not address the risks or benefits of high protein diets specifically but recommend moderate protein intakes.
The DNSG, therefore, felt that is was necessary to review the literature regarding protein intakes. High protein diets can substitute protein for carbohydrates or fat as the macronutrient. In this study, we focus on the substitution of protein for carbohydrates because most studies have used this approach and there are fewer studies where protein is substituted for fat in T2D.
Materials and Methods
The grading procedure used for quality of evidence and strength of recommendations (GRADE) [30] was based on systematic reviews and meta-analyses. Evidence grading is as follows: ⊕ denotes very low-quality evidence, ⊕⊕ denotes low quality, ⊕⊕⊕ denotes moderate quality, and ⊕⊕⊕⊕denotes high quality.
Literature Search
We performed a systematic search in Pub Med of the literature according to the following criteria: Syntax (diabetes mellitus OR type 1 diabetes OR type 2 diabetes) AND (protein intake OR dietary protein OR high protein diet). Filter clinical trials, species: human.
We included randomized intervention studies and prospective observational studies but excluded case studies. Studies had to include participants with type 1 or T2D and had to be published in English.
Meta-Analysis
A meta-analysis was generated (see Supplementary Materials) using RevMan as provided by the Cochrane Foundation (http://ims.cochrane.org/revman) because the available meta-analyses did not fulfill the inclusion criteria defined by the guideline working group.
Inclusion criteria for studies to be evaluated:
• At least 50% diabetes participants • No fewer than 20 participants or crossover design with no fewer than 10 participants • Study duration: at least 8 weeks •
Studies achieved a documented difference in protein intake
• Studies which performed power calculations will be rated higher • Full publication available
The PICO scheme was used for selection and evaluation according to the following criteria:
• Population: T2D, Type 1 Diabetes (T1D). Exclusion of impaired fasting glucose, impairedglucose tolerance or metabolic syndrome without manifest diabetes.
•
Intervention: High protein intake in exchange for carbohydrates. High protein intake defined as >20%E protein intake per day. Studies were rated according to documented protein intakes.
Comparator: Lower protein intake (<20% protein). Studies have to control and document differences in protein intakes achieved. • Outcomes:
1. Mortality, total mortality or death due to cardiovascular disease, cancer, other causes.
2.
Diabetic microvascular or macrovascular complications: diabetic nephropathy, diabetic retinopathy/maculopathy, diabetic autonomic or sensory peripheral neuropathy, cardiovascular disease (myocardial infarction and stroke), amputation, peripheral artery occlusive disease.
3.
Metabolic control: HbA1c, fasting/postprandial blood glucose, glucose excursion/variability, incidence of hypoglycemia, blood lipids (TG, HDL-C, LDL-C), inflammatory markers, blood pressure, insulin sensitivity 4.
Anthropometry: body weight, waist circumference, liver fat content.
5.
Adherence/compliance, satisfaction, Quality of Life (QoL).
6.
Decrease in medication
Results

Does a High Protein Diet Increase the Mortality of People with Diabetes?
High protein diets shorten lifespan in some animal models [15, 16, 31] and a meta-analysis of human observational studies in non-diabetic subjects reported increased all-cause mortality associated with a higher protein intake in exchange for carbohydrates [32] . Higher protein intakes were variably defined and compared upper vs. lower tertiles or quintiles of the populations but usually exceeded 20% protein of total energy intake. While there are no randomized prospective intervention studies in subjects with diabetes mellitus, observational studies provide some limited evidence:
The European Prospective Investigation into Cancer (EPIC) study in Europe compared the mortality of 6192 people with T2D with a higher protein intake in exchange for carbohydrates over 4.4 years and did not observe an increase in mortality [33] . The ONTARGET Trial (Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial) included a substudy of 6213 diabetes participants over five years who completed food frequency questionnaires according to the modified Alternative Healthy Eating Index (mAHEI) [34] . This study had a significant mortality of 8.3% over five years but did not find any association of the higher vs. the lower tertiles of protein intake with mortality [34] . A National Health and Nutrition Examination Survey (NHANES) observational study included only a small number of diabetes participants, and therefore was excluded [15] .
We concluded that no association is observed between protein intake and mortality in observational studies in people with diabetes. (quality of evidence: very low ⊕ ).
Does a High Protein Diet Alter the Risk of Diabetic Micro-or Macrovascular Complications?
We could not identify studies addressing this question. Diabetic nephropathy is presented in a separate section.
Does a High Protein Diet Improve Long Term Metabolic Control in People with T2D Mellitus Underweight-Stable Conditions?
People with T2D mellitus and younger than 65 years can consume 10% to 20% of E% as protein, and 15% to 20% of E% as protein for people older than 65 years of age, corresponding to approximately 0.8 to 1.2 g/kg body weight in women and 0.9 to 1.3 g/kg body weight in men under isocaloric conditions. ⊕⊕ , low-quality evidence.
Commentary
Minimal thresholds of protein intake have not been investigated in people with diabetes. The usual and general recommendation of a minimum intake of 0.8 g/kg bodyweight per day or about 10% of E% is based on studies of nitrogen balance in healthy subjects [35, 36] . The analysis of currently available studies shows that there are very limited data on protein intakes of less than 15% of E%, corresponding to about 1 g/kg body weight per day and a short study with 10% of E% as protein indicated that there can be an increased risk of sarcopenia in older subjects with T2D [37] . There is only one study which investigated a higher protein intake over two years in 419 people with T2D [38] . Although this study targeted a protein intake of 30% of E% in the high protein group, the achieved protein intake was 21% of E% in the high protein group. The low protein group, which was intended to consume 15% of E% as protein, in fact consumed about 20% of E% as protein. This study showed no differences in metabolic parameters between the groups, as might be expected. The study did not report adverse events over two years. The two above-mentioned observational studies, which included about 6200 subjects, each achieved an estimated amount of 20% of E% as protein intake in the higher protein tertiles or groups but did not specifically analyze subgroups with a higher protein intake [33, 34] . Since no data are published on long-term (>two years) intake of higher protein, and since some human data from nondiabetic subjects [15, 20] , as well as data from animal studies [16, 31] , indicate potential risk, we recommend a maximum intake of 20% of E% as protein.
There is also a lack of randomized studies with regard to lower protein intake. Geriatric experts of the PROT-AGE group recommend higher protein intakes to reduce the risk of frailty and sarcopenia in the older population which often applies to people with T2D [27, 37] . Therefore, a range of 15% to 20% of E% as protein intake appears to be reasonable during the long term. The risk of sarcopenia in the older population has not been sufficiently clarified in people with diabetes and is likely to be underestimated, especially after periods of inactivity or treatment with glucocorticoids which can enhance rapid loss of muscle mass and strength [27] . People with T2D mellitus can consume 23% to 32% of E% as protein short term (up to 12 months) to achieve weight loss. Weight reduction is related to significant improvements in HbA1c, independent of protein intake. (⊕⊕ , low-quality evidence).
People with T2D mellitus can consume 23% to 32% of E% as protein in the short term to improve fasting blood glucose. (⊕ very low-quality evidence). Blood lipids are not improved by higher (23% to 32% of E% as protein short term) as compared with lower protein weight loss diets. (⊕⊕ low-quality evidence). Higher protein diets from 23% to 32% of E% may be administered in people with T2D for up to one year to improve systolic and diastolic blood pressure. (⊕⊕ , low-quality evidence).
High protein weight loss diets are popular and claim to reduce hunger and to prevent the loss of muscle mass. People with T2D are mostly overweight and desire weight loss, which is also recommended for obesity as a treatment strategy. Indeed, virtually all studies of high protein diets were combined with energy restriction. The studies are of shorter duration at between six to 64 weeks and achieved high protein intakes of 27% to 32% in the high protein groups as compared with 17% to 20% of E% in the lower protein groups. If total caloric intake is reduced, the absolute amount of protein in a high protein diet becomes smaller and ranges between 87 and140 g/day with an estimated protein intake of 0.9 to 1.2 g/kg/day. High protein intake in the context of hypocaloric diets, therefore, corresponds quantitatively to normal absolute protein intake.
To address the role of protein intake in T1D or T2D, we performed a meta-analysis based on the GRADE procedure using the Cochrane Foundation's Review Manager Version 5.1 (http://hiv.cochrane. org/sites/hiv.cochrane.org/files/uploads/rm5tutorial.pdf) which is presented in the Supplementary Information. Studies were selected according to the PICO criteria defined above. Although three meta-analyses have been published addressing the effects of protein intake in T2DM, they did not correspond to the PICO criteria defined by the DNSG study group. One meta-analysis [7] included nine studies in 418 type 2 diabetic subjects with a duration of 24 to 54 weeks. The intervention groups targeted 25% to 32% of E% as protein and the control groups had 15% to 20% of E% as protein in the study design. Five of the nine studies substituted protein for carbohydrate while four studies [29, [39] [40] [41] included additional changes in fat intake. A second meta-analysis [9] included only two weight-loss, high protein studies which lasted 52 [42] and 64 weeks [43] . The third meta-analysis did not take into consideration whether studies achieved differences in protein intake in the intervention groups [8] .
HbA1c
While weight loss reproducibly reduced HbA1c in all studies, there was no significant difference between the high and low protein groups (0.1% or 1.09 mmol/L greater reduction of HbA1c in the high protein group, see Supplementary Materials). The published meta-analyses reported a significant reduction of −0.52% or −5.7 mmol/L [7] and −0.28% or −3.1 mmol/l HbA1c [9] . Both studies reported significant heterogeneity (I 2 = 57.2% and I 2 = 60%) which indicates high variation in the outcome. Moreover, since greater weight loss occurred in the high protein groups, the greater reductions in HbA1c could be attributable to greater weight loss. The third meta-analysis did not find significant differences [8] .
We concluded that significant improvements in HbA1c are achieved with weight-loss diets which are not affected by higher protein diets.
Fasting Blood Glucose
Fasting blood glucose was reduced by weight loss in the control and high protein groups with a nonsignificant greater reduction of 13.0 mg/dL or 0.72 mmol/L in the high protein group. Similar results were reported in another meta-analysis [7] .
Blood Lipids
The meta-analysis did not show significant differences between the high and low protein groups regarding HDL-, or LDL-cholesterol and there was no heterogeneity (I 2 = 0%) in the meta-analyses. Similar results were reported in the other meta-analyses [7, 8] .
Triglycerides (TG) were investigated in the meta-analysis by Dong et al. [7] and in the study by Luger et al. [44] and neither found significant differences between the groups. However, it should be noted that there is no clear association between fasting TG and CVD, whereas there is an association between high non-fasting TG and CVD [45] .
We concluded that blood lipids are not improved by higher as compared with lower protein weight-loss diets.
Blood Pressure
A significantly greater reduction in systolic blood pressure by −4.41 mm Hg was observed in the high protein group which had a low heterogeneity (I 2 = 0%). Diastolic blood pressure similarly showed a significantly greater decline of −3.61 (p = 0.008) mm Hg in the high protein group, with a low heterogeneity between the four studies (I 2 = 27%, p = 0.25). Similar results were calculated in the meta-analysis of Dong et al. [7] , whereas Ajala et al. [9] did not analyze this parameter.
We concluded that higher protein weight-loss diets caused a significantly greater reduction of systolic and diastolic blood pressure than lower protein diets in people with T2D. There is no information on metabolic outcomes in weight-stable subjects with T2D.
Does a High Protein Diet, as Compared with a Low Protein Diet, Promote Greater Weight Loss in People with T2D?
Weight loss was achieved in the control and high protein groups in all studies. However, greater weight loss of −1.12 kg (p = 0.01) occurred in the high protein group in the meta-analysis with a low heterogeneity between the studies (I 2 = 5%, see Supplementary Materials). The published meta-analyses either observed a significantly greater weight loss in the high protein group [7] or no difference [8, 9] .
We concluded that a moderately greater weight loss is achieved with higher as compared with lower protein hypocaloric diets in T2DM.
Values and preferences: The data show a modest improvement of metabolism and a slightly greater weight reduction with the use of high protein weight loss diets as compared with standard protein weight loss diets on average. Meta-analyses do not capture individual preferences and responses, and the success of a specific dietary approach depends on the acceptance by the individual and their ability to adhere to the dietary approach. Therefore, the diets can be tried and tested as a potentially useful approach to initiate, motivate, and support the individual to achieve weight loss and metabolic improvement. There is no indication of harm due to the higher protein intake. The dietary options should, therefore, be adapted to the individual values and preferences.
Does Plant Protein, as Compared with Animal Protein or Red versus White Meat, have Different Effects on Metabolic Control in People with Diabetes Mellitus?
There is no sufficient evidence suggesting advantages of specific types of protein.
Commentary
There are few studies on the effect of different types of protein on metabolic control in diabetes and the studies are short term, with small numbers of participants.
The longest study included 41 participants with type 2 diabetes and nephropathy. The plant protein diet contained 65% plant protein, including 30% soy protein and 35% animal protein, while the control diet contained 30% plant and 70% animal protein. The animal protein was not defined in detail and the content of milk protein was unclear. The HbA1c values were not reported, but fasting glucose was improved with the plant protein diet. There were no effects on glomerular filtration rates, TG, and HDL cholesterol while total and LDL-cholesterol were lowered by the plant protein diet [46] .
Four studies showed effects on lipid metabolism. A diet rich in plant protein reduced either total cholesterol or LDL cholesterol or apolipoprotein B in subjects with microalbuminuria. A positive effect on glucose control was not observed.
A randomized study in 15 subjects with T1D used a crossover design with three weeks of a low-protein diet of 0.5 g/kg body weight, primarily plant and milk protein, followed by a test diet with normal protein content based on chicken and fish protein, and a third phase based on normal protein content composed of 80% red meat and 20% chicken. The diet with red meat led to higher total cholesterol levels as compared with the low-protein or chicken and fish protein diets. The glomerular filtration rate was reduced with the low-protein or chicken and fish protein diets which was interpreted as a reduced hyperfiltration, and thus a positive effect [47] .
A further study in 23 T2D subjects compared six weeks of a plant protein diet with six weeks of a diet containing 60% animal and 40% plant protein in a crossover design. This study also reported reduced total cholesterol in the presence of plant protein and a lower systolic blood pressure as compared with the animal protein intervention phase [48] .
We concluded that diets rich in plant protein, white meat, or fish protein, as compared with red meat protein, improve the levels of total cholesterol in people with T2D.
Does A Reduction in Protein Intake Reduce the Loss of Glomerular Filtration Rate in People with Diabetes
Mellitus and Moderate Renal Impairment,/GFR <60 mL/min/and >45 mL/min Maintaining protein intake in the normal range of about 0.8 g/kg body weight in people with diabetic nephropathy and a glomerular filtration rate below 60 ml/min and above 45 ml/min did not lead to faster decline of renal function. (2 | ⊕⊕ )
Commentary
The question whether reduced protein intake slows the progression of diabetic nephropathy and reduces the rate of loss of glomerular filtration rate has a long history, in particular because animal models show strong effects of protein intake [14] . Numerous clinical studies and meta-analyses and reviews have been published. However, the results are still controversial. A systematic review from the Cochrane Collaboration by Robertson and co-workers [49] summarized 12 studies comprising nine RCTs and three follow-up studies including a total of 585 people with diabetes mellitus (322 T1D and 263 T2D). A comparison with a normal protein diet (1 to 2 g/kg bodyweight per day) showed that a low protein diet (0.3 to 0.8 g/kg per day) slightly reduced the decline in glomerular filtration rate but the effect was not significant.
A systematic review by Nezu and co-workers [13] included 13 randomized studies comprising 779 subjects with T1D and T2D and only evaluated studies which achieved a documented difference in protein intake during the studies. The low protein diets significantly reduced the decline in glomerular filtration rates in studies in which the compliance was high. However, an evaluation of the study according to GRADE criteria led to a low evidence rating, such that no strong recommendation can be deduced from these studies.
Our meta-analysis did not show a significant effect of low protein as compared with normal protein diets on the decline of GFR in 478 subjects included in nine studies and no effect on proteinuria in 11 studies including 488 participants (see Supplementary Materials) .
A primary problem of most studies is the poor compliance of study subjects with the recommendation of lower protein intake. Only very few studies achieved protein intakes of 0.6 g/kg body weight per day and the reported intake was usually around 0.8 g/kg bodyweight per day or even higher. The studies address this problem and report that compliance was poor, reflecting the practical problems in maintaining a low protein diet. There were also methodological problems in controlling food intake in the different randomized studies which made comparisons quite difficult.
There are two randomized controlled studies which evaluated the effects of high protein intake in people with T2D on kidney function. One study investigated 12 T2D subjects with microalbuminuria in a crossover design over three weeks each. The high protein intervention was achieved by administering supplements and protein intake was 2 g/kg bodyweight per day. The control group was targeted at 0.8 g/kg bodyweight per day, but effectively achieved 1.1 g/kg body weight per day protein intake. Compliance was well controlled and complete dietary plans were administered. The high protein diet did not lead to a decrease in glomerular filtration rate while the control diet led to a reduction from 2.18 +/− 0.77 to 1.5 +/− 0.8 mL/sec/1.73 m 2 (p < 0.05).
In a recent study by Pedersen and Jesudason et al. [50, 51] , a hypocaloric high-protein diet was compared with a hypocaloric low-protein diet. The inclusion criteria were a microalbuminuria or impaired renal function. There were no significant differences in glomerular filtration rate between the intervention and control groups. Both groups had a significant weight loss which improved renal function. The fasting blood glucose, total cholesterol, TG, and HDL cholesterol were significantly reduced by the weight loss, but there were no differences according to diet. The HbA1c showed a significantly greater reduction in the high protein diet. The albuminuria was not negatively affected by the high protein diet. Only a few study participants had a glomerular filtration rate below 60 ml/min. These participants did not experience a reduction in glomerular filtration rate, while subjects with a hyperfiltration showed a normalization of the glomerular filtration rate. Similar results were reported by Tirosh and coworkers in 45 study participants with T2D in the Direct study over two years. The diet containing 22% of E% as protein diet did not impair the GFR or worsen the albuminuria, while most of the improvement in GFR was associated with the weight loss [52] .
A large observational study, the ONTARGET Study [34] , evaluated the effect of nutrition on renal function in 6200 participants with T2D and high cardiovascular risk over five years by administering food frequency questionnaires. Twenty per cent of the participants had a decline in glomerular filtration rate of 5% per year. Participants with the highest protein intake showed a significantly slower decline in GFR than the tertile with low protein intake. This overall high-risk group of study participants with diabetes had a mortality of 8.3% over five years and the high protein intake had no effect on mortality.
Overall, negative effects of a high protein intake on the glomerular filtration rate could not be established, and therefore a moderate protein intake of 0.8 g/kg body weight in people with impaired renal function, appears adequate and is compatible with a normal lifestyle.
Is There Evidence That High Protein Diets Increase Diabetic Retinopathy: Maculopathy or Neuropathy
There are no controlled studies of sufficient length and quality to answer this question [53] . Funding: Funding was received from Novo Nordisk Germany, MSD Germany, the Swedish Diabetes Association, Abbott Nutrition, the Finnish Diabetes Association, and the Norwegian Diabetes Association. None of the sponsors had a role in any aspect of the present clinical practice guidelines, including design and conduct of the guidelines' process; collection, management, analysis, and interpretation of the evidence; and preparation, review, approval of the manuscript or decision to publish.
